Ionothermal, microwave-assisted synthesis of indium(III) selenide Introduction Indium(III) selenide is a black crystalline n-type, III-VI layered semiconductor with a direct band gap of 1.7 eV. 1 The band gaps of III-VI layered semiconductors are generally narrow at room temperature, which makes them attractive compounds for solar energy conversion and optoelectronic devices 2, 3 and therefore, have potential in solar energy conversion applications. 4 To date they have been studied as precursors to copper indium selenide, CIS, as an optical recording medium, a polarizer for optoelectronics and in Li-collated form for battery applications. 5 Structurally, In 2 Se 3 comprises primitive layers of four atomic planes, Se-In-In-Se; the selenium atoms form two-dimensional hexagonally close-packed sheets, which provides the crystal with the hexagonal structure. 5 The two most common forms of crystalline In 2 Se 3 are the a (layered structure) and g (the 'defect wurtzite structure'); 6 other commonly known forms include the b and d phases, 7 as well as the recently discovered k phase (anisotropic structure). 8 Depending on the synthetic technique and reaction conditions, one of the crystalline forms of indium(III) selenide is produced, each form having a unique range of electronic and structural properties. For example, aIn 2 Se 3 has cation vacancies, which form a plane that results in weak Se-Se bonding and anisotropic electronic properties. In 2 Se 3 is an anisotropic hexagonal or rhombohedral semiconductor that tends to have high resistivity. Importantly, when low reaction temperatures are implemented, indium selenide(II) crystals with a zinc blende structure are formed, while at higher temperatures hexagonal crystals of In 2 Se 3 are obtained. In general, the presence of numerous forms of indium selenide, even in perfectly stoichiometric compositions, makes interpretation of exact product stoichiometry, electronic and optical data more difficult. 8 The molar ratio of precursors and reaction temperature inuence the type of indium(III) selenide produced, but not the shape and size of the product.
9
Various atomic arrangements of indium(III) selenide materials have been reported in the literature: microporous (framework) materials of high structural complexity, 10, 11 open framework chalcogenides, noncluster-based 3D open-framework indium chalcogenides, 12,13 with a range of morphologies also described, including, thin lms, 1,4 and nanomaterials.
14 Traditional synthetic routes involve long reaction times (up to 10 days) 43 with high temperatures, up to 450 C, 15 and high pressures, oen combined with using hazardous organic solvents, such as ethylenediamine, hydrazine or 3,5-dimethylpyridine. These solvents are necessary due to the troublesome dissolution of elemental selenium, generally used as a precursor.
16
In this contribution, we propose an innovative route to microcrystalline indium(III) selenide, taking advantage of possibilities offered by ionic liquid-based synthesis. Ionic liquids are salts, typically based on organic cations, with melting points below 100 C, and oen much lower than ambient temperature. 17, 18 Among their common characteristics are negligible vapour pressure and ability to dissolve a wide range of organic and inorganic materials, [19] [20] [21] [22] with a solubility signicantly higher than that exhibited for most organic solvents. 23 Ionic liquids have an extraordinarily high solubility for metal halides when placed in highly polar Lewis acidic systems, even at room temperature. This has allowed for a low temperature one-pot synthesis of a range of chalcogenide materials. 24 The excellent solubility allows for synthesis of nano, micro and macro-sized inorganic products, with new materials being possible due to the change from molecular to ionic solvent systems. 21 This has led to the development of a new synthetic approach based on ionic liquids, named 'ionothermal' synthesis, 21, 25, 26 in analogy to hydrothermal processes. In a typical ionothermal process, all reactants are dissolved in an ionic liquid, which is subsequently heated to allow the reaction to proceed, with ambient pressure maintained due to the non-volatile nature of ionic liquids.
Chlorometallate ionic liquids are a class of ionic liquids based on an organic cation and a chlorometallate anion. 27 They are prepared by the reaction of an organic chloride salt with a metal chloride; various ratios of reactants may be used, which leads to different anionic speciation, as exemplied for the In(III) system in eqn (1)-(3). (1)
These anions remain in a dynamic equilibrium with each other, as shown in eqn (4).
Chlorometallate ionic liquids are excellent media for the synthesis of inorganic materials; besides 'regular' advantages of ionic liquids, they also act as a metal source, available in very high concentrations and with a tuneable coordination. 29 34 In many cases it is emphasised that the cation plays a signicant role, acting as a templating and/or stabilising agent.
30-32,35
Microwave-assisted synthesis may, in many cases, dramatically reduce the reaction time, and has been successfully implemented in the preparation of a variety of inorganic materials.
36
Ionic liquids readily absorb microwave irradiation and do not increase vapour pressure upon rapid heating, hence are particularly suitable for fast-paced microwave-assisted synthesis.
37
To our knowledge, neither ionic liquids and the ionothermal approach, nor microwave-based synthesis have been adopted to prepare indium(III) selenide. In this work, advantages of chlorometallate ionic liquids and microwave-assisted synthesis were combined to access microcrystalline indium(III) selenide in a fast, safe and elegant synthetic pathway.
Experimental
Materials Indium(III) chloride, 99%, anhydrous, and diphenyl diselenide, 99%, and indium(III) selenide were purchased from SigmaAldrich. Ionic liquid families: alkyl(trioctyl)phosphonium chloride, [P 8 8 8 n ]Cl, and alkyl(trihexyl)phosphonium chloride, [P 6 6 6 n ]Cl, (n ¼ 3, 5, 10, 14, 17 and 18) were prepared as described elsewhere. 38 1-Octyl-3-methylimidazolium chloride, [C 8 mim]Cl, was prepared as previously reported. 28 
Synthesis
Synthesis of chloroindate(III) ionic liquids. Appropriate amounts of indium(III) chloride and a phosphonium or imidazolium chloride ionic liquid were placed in a round-bottomed ask containing a stirring bar. The ask was closed with a stopper and placed in a heating bath, and the mixture was stirred vigorously (80 C, overnight Synthesis of indium(III) selenide. In a typical process, Ph 2 Se 2 was added to a chloroindate(III) ionic liquid, in a 3 : 4 ratio, before being placed in the microwave reactor Anton Parr Monowave 300 for 1 min. Reaction temperatures were varied between 200 and 280 C (temperature measurement error by the IR probe was AE10 C). The product formed was a suspension of a ne brown/black powder in an ionic liquid, and was subsequently washed with methanol and centrifuged to separate the particles from the ionic liquid.
Characterisation
Scanning electron microscopy (SEM) studies were carried out using a JEOL 6500F Field Emission and a Quanta FEG 250 Scanning Electron Microscope. Energy dispersive X-ray (EDX) analysis was carried out using Oxford Instruments INCA systems. X-Ray diffraction (XRD) data were collected using a Siemens D5000 powder diffractometer with Cu Ka radiation (g ¼ 1.542Å). Data were recorded from between 10 and 60 in steps of 0.0167. Raman spectra were recorded using a PerkinElmer RamanStation 400F spectrometer, with a 785 nm focussed laser beam. All studied samples were placed in quartz cuvettes and analysed neat; ten scans of 5 s each were recorded.
Results and discussion
In the approach presented here, diphenyl diselenide was dissolved in a chloroindate(III) ionic liquid and exposed to microwave radiation to result directly in microcrystalline indium(III) (Fig. 1a) . Upon further heating (240 to 280 C), a brown to black suspension was formed, as shown in Fig. 1b . Raman spectra of the solution of Ph 2 Se 2 in the ionic liquid are compared to the spectra of the neat ionic liquid and pure Ph 2 Se 2 (Fig. 2) (Fig. 2a) , peaks are evident for both the ionic liquid and the selenium precursor, and it appears that the Ph 2 Se 2 simply dissolves in the ionic liquid, without coordination to the indium centre. When the mixture is allowed to cool, the Ph 2 Se 2 precipitates out of the ionic liquid and forms two phases again.
For all solutions it was found that the reaction was completed aer just 1 min in a microwave reactor. In various sets of experiments, the inuence of the following factors: reaction temperature, ionic liquid cation, dilution with an 'inert' ionic liquid, speciation of the ionic liquid anionon the composition and morphology of indium(III) selenide microcrystals was studied.
The inuence of temperature
In the rst set of experiments, solutions of Ph 2 Se 2 in four chloroindate(III) ionic liquids: [P 8 Morphologies of the microcrystals prepared at both temperatures, with different cations, were studied using SEM; furthermore, EDX was used to elucidate elemental composition and stoichiometry of the products formed (Table 1) . Table 1 shows that, at 280 C, [P 8 
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The main peak found in the Raman spectra for the products of reactions carried out at 280 C was found at 254 cm À1 , which is indicative of a polyselenide (vibration formed from a-monoclinic Se-Se) -see Fig. 4 products containing exclusively indium and selenium in various stoichiometries, in the absence of any 'contamination' by the ionic liquid cation. In particular, [P 8 8 8 10 4 ] gave a mixture of indium selenides of varying stoichiometries. Building on these observations, 240 C was selected as the optimum temperature for further studies.
The inuence of ionic liquid cation
The study revealed that with varying temperatures, the cation had a marked inuence on both composition and morphology of the product, which is in agreement with the literature.
30-32
The [C 8 mim] + cation yielded materials of poor morphology and composition, irrespective of the reaction temperature, while the phosphonium cations appeared to yield materials of uniform morphology. Phosphonium ionic liquids have numerous advantages over the imidazoloium based analogues, including a greater stability (thermal, chemical and electrochemical), a larger electrochemical window, and a lower cost. They also have a lower viscosity than ammonium analogues, with small amounts of dilutants having a profound effect on the viscosity of the ionic liquids under investigation.
41
The inuence of dilution with a spectator ionic liquid
It was established that using a reaction temperature of 240 C, with [P 8 8 8 10 ][InCl 4 ] as a solvent for the dissolution of the selenium precursor, the optimum conditions to prepare . This ionic liquid was chosen to have a common cation with the chloroindate(III) precursor and an almost inert, weakly coordinating anion. The dilutions were prepared in two mass ratios: 1 : 1 and 1 : 2. The SEM-EDX results showed that, in addition to reducing the product size from microcrystalline to nanosize, the stoichiometry was compromised and resulted in the production of a polyselenide, which is undesirable for the use in semiconductor applications. The reaction was also repeated using [P 6 6 6 17 ][InCl 4 ], with the results giving no benets to the current reaction, the morphology remained the same, with a detrimental effect on the stoichiometry.
The inuence of ionic liquid anion
Another set of reactions was carried out to investigate the effect of the anion on the stoichiometry of the product as well as its size and morphology. by the appearance of the solution nor by Raman spectroscopy. At 280 C, the products were suspensions of dark brown/black powder in an ionic liquid. The precipitate obtained was analysed by SEM/EDX, Raman spectroscopy and PXRD. The Raman spectra of both products prepared at 280 C (see Fig. 6 ) indicated that indium(III) selenide was formed, with the distinct peak found at 150 cm
À1
, which is characteristic of gIn 2 Se 3 .
The SEM/EDX analysis show that for the reaction involving [P 6 6 6 14 ] 2 [InCl 5 ], the product was microcrystalline indium(III) selenide, with a uniform size and morphology (Fig. 7) . When using [P 6 6 6 14 ] 3 [InCl 6 ], the product was less well-dened and contained two materials of varying ratios of In : Se, with the bulk of the material formed being In 2 Se 3 .
These results indicate that aside from changing the phosphonium cation, also the anion can be varied in order to produce the desired stoichiometry of the indium selenide product. As shown above, many of the tested cations produced In 2 Se 3 at 240 C, but with [P 6 6 6 14 
Phase identication
Powder XRD patterns for the products synthesised at 280 C showed no resemblance to any indium selenide polymorph, or to any known polyselenides. N.B., there was only one published example of a polyselenide containing indium, selenium and phosphorus, of the stoichiometry In 4 P 6 Se 18 , and its XRD pattern Fig. 6 Comparison of Raman spectra of the products formed when using [P 6 (Fig. 8d) , gave XRD patterns in close agreement with that of the In 2 Se 3 standard (Fig. 8a) . The distribution and intensities of the peaks indicate that the g form of In 2 Se 3 has been synthesised, with the main peaks found at 27 (006) and 58 (0012). 42 Moreover, the experimental XRD patterns are identical with the simulated pattern for gIn 2 Se 3 . The Raman spectrum obtained for each of these products was in very good agreement with the XRD study, indicating the presence of g-In 2 Se 3 . The Raman spectra of the products prepared at 240 C, using [P 8 (Fig. 9) . However, the purchased standard appears to be of the k-In 2 Se 3 form, which has a similar molecular structure to g-In 2 Se 3 , but with a more equal distribution between the peaks at 150 cm À1 and 250 cm À1 .
8

Conclusions
A new route towards indium(III) selenide has been successfully developed. It involves inexpensive phosphonium ionic liquids, used in a safe and green ionothermal procedure. The reaction temperature has been lowered by at least 60 C compared to the literature methods, and the reaction time has been reduced from several hours to 1 min, thanks to the employment of a microwave reactor. The need for organic solvents has been eliminated. To our knowledge, this is the rst example of using either ionic liquids and the ionothermal approach, or microwave-based synthesis, to prepare indium(III) selenide. From the combination of SEM, EDX, Raman and XRD studies, it is conclusive that g-In 2 Se 3 has been produced in each case. The novel microwave-assisted synthesis of indium(III) selenide has allowed for a more simple, less time consuming and elegant way to make this semiconductor material.
